Previous determination of the nucleotide sequence of the iol region of the Bacillus subtilis genome allowed us to predict the structure of the iol operon for myo-inositol catabolism, consisting of 10 iol genes (iolA to iolJ); iolG corresponds to idh, encoding myo-inositol 2-dehydrogenase (Idh). Primer extension analysis suggested that an inositol-inducible promoter for the iol operon (iol promoter) might be a promoter-like sequence in the 5 region of iolA, which is probably recognized by A . S1 nuclease analysis implied that a -independent terminator-like structure in the 3 region of iolJ might be a terminator for iol transcription. Disruption of the iol promoter prevented synthesis of the iol transcript as well as that of Idh, implying that the iol operon is most probably transcribed as an 11.5-kb mRNA containing the 10 iol genes. Immediately upstream of the iol operon, two genes (iolR and iolS) with divergent orientations to the iol operon were found. Disruption of iolR (but not iolS) caused constitutive synthesis of the iol transcript and Idh, indicating that the iolR gene encodes a transcriptionnegative regulator (presumably a repressor) for the iol operon. Northern and S1 nuclease analyses revealed that the iolRS genes were cotranscribed from another inositol-inducible promoter, which is probably recognized by A . The promoter assignments of the iol and iolRS operons were confirmed in vivo with a lacZ fusion integrated into the amyE locus.
myo-Inositol is abundant in nature, especially in soil. Various microorganisms including soil bacteria are able to grow on inositol as the sole carbon source. The pathway of inositol catabolism in Klebsiella aerogenes has been extensively studied (1, 2, 4, 5) . myo-Inositol 2-dehydrogenase (Idh; EC 1.1.1.18) is the first enzyme responsible for inositol catabolism in this organism (4) . Other microorganisms, such as Bacillus subtilis (17) , Rhizobium leguminosarum bv. viciae (16) , and Cryptococcus melibiosum (20) , probably possess similar pathways involving Idh. These findings suggested that inositol catabolism might be conserved among these microorganisms. However, the molecular genetics of the genes involved in inositol catabolism have not been well studied.
B. subtilis Idh has been purified and characterized (17) . Idh synthesis is induced upon the addition of inositol and is also under catabolite repression (13, 14, 17) . We succeeded in the cloning and expression of the idh gene of B. subtilis in Escherichia coli (11) . The regions surrounding the idh gene were cloned by chromosome walking (23, 24) . The nucleotide sequences of these regions implied a putative operon structure consisting of 10 genes, which are probably involved in inositol catabolism (iol) (23) (24) (25) .
As a first step toward elucidating the pathway and regulation of inositol catabolism of B. subtilis, we analyzed the iol transcript. We present here the results regarding the organization and transcription of the iol operon. Moreover, we identified a transcription-negative regulator gene (iolR) for this operon.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. The B. subtilis strains used are listed in Table 1 ; all are derivatives of our standard strain, 60015, constructed as described below. E. coli JM109 {recA1 supE44 endA1 hsdR17 gyrA96 relA1 thi ⌬(lac-proAB) FЈ[traD36 proAB ϩ lacI q lacZ⌬M15]} (21) was used as a cloning host for plasmid pUC19 (21) derivatives. Plasmid pBEST-4F, which carries a chloramphenicol acetyltransferase gene (cat) cassette containing a transcriptional terminator for cat, was provided by M. Itaya (Mitsubishi Kasei Life Science Institute, Tokyo, Japan). Strain JM109 and plasmid pUC19 were obtained from Takara Shuzo Co., Ltd. B. subtilis cells were grown on tryptose blood agar base (Difco) supplemented with 0.18% glucose (TBABG plates) or in S6 medium (7) containing 0.5% Casamino Acids (Difco) as a carbon source and supplemented with 50 g each of tryptophan and methionine per ml. Strain JM109 was grown on Luria-Bertani agar plates or in 2ϫ YT medium (18) .
Gene and promoter disruption by insertion of a cat cassette. The iolR gene was disrupted by insertion of the cat cassette derived from plasmid pBEST-4F as follows. A 1.65-kb EcoRI fragment containing the iolR gene, which was derived from the insert of DASH II recombinant phage EM11 (23) , was cloned into the EcoRI site of plasmid pUC19 to produce plasmid pIOLR1. Plasmid pIOLR1 was cleaved at an EcoRV site within the iolR gene and then ligated with the cat cassette trimmed with SmaI, resulting in plasmid pIOLR1::cat. Plasmid pIOLR1::cat was linearized with EcoRI and then mixed with competent cells of strain 60015 (8) . Chloramphenicol-resistant transformants, resulting from a double crossover, were selected on TBABG plates containing 15 g of chloramphenicol per ml, and one of the transformants was confirmed to carry the correct insertion of the cat cassette in iolR and was designated strain YF244.
The iolS gene was disrupted by insertion of the cat cassette as follows. A 1.47-kb EcoRV fragment containing part of the iolS gene, derived from the insert of DASH II recombinant phage EM11 (23), was cloned into the blunt-ended EcoRI site of plasmid pUC19 to produce plasmid pIOLS1. Plasmid pIOLS1 was cleaved at an EcoRI site within the iolS gene and then ligated with the cat cassette cleaved with EcoRI, resulting in plasmid pIOLS1::cat. Plasmid pIOLS1::cat was linearized with KpnI and then used for the transformation of strain 60015. One of the chloramphenicol-resistant transformants was designated strain YF246 after the correct construction was confirmed.
The iol promoter (Piol) was disrupted by insertion of the cat cassette into its Ϫ10 region as follows. A 1.5-kb region containing Piol was amplified with the generation of a new BglII site in its Ϫ10 region and two flanking EcoRI sites by means of recombinant PCR (12) with chromosome DNA of strain 60015 as a template and four oligonucleotides as primers: upstream and downstream primers (5Ј-GGAATTCACGTTAGGCCAGATGAATGC-3Ј and5Ј-AAATA GAATTCTGGCGCGGC-3Ј [EcoRI sites are underlined]) and two overlapping primers for the introduction of the BglII site into the Ϫ10 region of Piol (5Ј-CTTATGGGTATTATGCGATTAGATCTTAACCAAGAAATG-3Ј and 5Ј-GGTCATTTCTTGGTTAAGATCTAATCGCATAATACCCAT-3Ј [theBglII site is underlined]). The amplified 1.5-kb fragment was cleaved with EcoRI and then cloned into the EcoRI site of plasmid pUC19, resulting in plasmid pPIOL1. The cat cassette from plasmid pBEST-4F was cleaved with BamHI and inserted into the BglII site of plasmid pPIOL1. The resulting plasmid, pPIOL1::cat, was linearized with EcoRI and then used for the transformation of strain 60015. One of the chloramphenicol-resistant transformants was designated strain YF248 after confirmation that the construction was correct.
Integration of the iolA-lacZ and iolR-lacZ fusions under the control of the respective iol and iolRS promoters into the chromosomal amyE locus. To construct strains YF323, YF324 and YF325, carrying a series of deletions of Piol, which directs the expression of the iolAЈ-ЈlacZ fusion integrated in amyE, three iol sequences (nucleotides Ϫ107 to ϩ245, Ϫ45 to ϩ245, and Ϫ23 to ϩ245; ϩ1 is the putative transcription initiation nucleotide) were amplified by PCR with chromosomal DNA of strain 60015 as a template and with primers consisting of a pair of synthetic oligonucleotides (38-mer) designed to create EcoRI and HindIII sites flanking the upstream and downstream ends, respectively. The upstream primers carrying nucleotides Ϫ107, Ϫ45, and Ϫ23 and the downstream primer carrying nucleotide ϩ245 were 5Ј-GCGGGAATTCCTTCTCTTACTTC TCTTACTTG-3Ј, 5Ј-GCGGGAATTCGTGTTTATGATTGACTTATGGG-3Ј, and 5Ј-GCGGGAATTCTATTATGCGATTAGAATATAACC-3Ј (the EcoRI sites are underlined) (upstream) and 5Ј-GCGGAAGCTTGCTTTCAACCCAT TCACCGTTG-3Ј (the HindIII site is underlined) (downstream). The PCR products were digested with EcoRI and HindIII, and the resulting EcoRI-HindIII fragments were cloned into the EcoRI and HindIII sites of plasmid ptrpBGI (19) , respectively. The three resulting plasmids, which had been linearized with PstI, were used for the transformation of strain 60015 to produce chloramphenicolresistant clones YF323, YF324, and YF325, respectively.
Strains YF327, YF328, YF329, and YF330, carrying another series of deletions of the iolRS promoter (PiolRS), which directs the expression of the iolRЈ-ЈlacZ fusion integrated in amyE, were constructed as described above with the PCR products possessing iolRS sequences (nucleotides Ϫ94 to ϩ62, Ϫ70 to ϩ62, Ϫ43 to ϩ62, and Ϫ19 to ϩ62, respectively). The upstream primers carrying nucleotides Ϫ94, Ϫ70, Ϫ43, and Ϫ19 and the downstream primer carrying nucleotide ϩ62 were 5Ј-GCGGGAATTCAGAAGGCCGTCCAATCTTGC-3Ј, 5Ј-GCGG GAATTCGATATACACCGATGTTATCATTTT-3Ј, 5Ј-GCGGGAATTCGCA ACTATTGATTAACTTTTGG-3Ј, and 5Ј-GCGGGAATTCTTTATTATATAT TTATGTTACG-3Ј (the EcoRI sites are underlined) (upstream) and 5Ј-GCGC AAGCTTCTCCTCCATTTCCTGAATCC-3Ј (the HindIII site is underlined) (downstream).
RNA preparation. B. subtilis cells were grown in S6 medium containing 0.5% Casamino Acids, and with 10 mM inositol present or absent. The cells were harvested and then successively treated with lysozyme, sodium dodecyl sulfate, and phenol to extract total RNA as described previously (9) .
Primer extension. A 50-g portion of each total RNA sample was hybridized with an oligonucleotide (5Ј-TCAATATCCACTTTTCAGCAAGCC-3Ј) that had been labeled at the 5Ј end with T4 polynucleotide kinase (Takara Shuzo Co., Ltd.) and [␥-32 P]ATP (ICN Biomedicals, Inc.). Primer extension reactions were performed with Molony murine leukemia virus reverse transcriptase (GIBCO BRL Life Technologies, Inc.) in 20 l of buffer comprising 50 mM Tris-HCl (pH 7.5), 60 mM KCl, 10 mM MgCl 2 , 2 mM (each) deoxyribonucleoside triphosphates, 1 mM dithiothreitol, and 50 g of actinomycin D per ml. The resultant cDNAs were subjected to urea-polyacrylamide gel electrophoresis as described previously (9) . S1 nuclease mapping. Probe DNAs for S1 nuclease mapping were prepared as follows. To map the 5Ј end of the iolRS transcript, a PiolRS region (417 bp) was amplified from the chromosome by PCR with a pair of primers (5Ј-CTCATCT AAGGAAACAGTGCCATG-3Ј and 5Ј-TATCCACTTTTCAGCAAGCC-3Ј). The PCR product was labeled with T4 polynucleotide kinase and [␥-32 P]ATP and then digested with NsiI to obtain a probe DNA (354 bp) labeled only at the 5Ј end of the coding strand. To map the 3Ј ends of the iol and iolRS transcripts, probe DNAs were prepared as follows. An iol transcriptional terminator (Tiol) region (391 bp) was amplified from the chromosome by PCR with a pair of primers (5Ј-AACAGCGATCTGTACGAACC-3Ј and 5Ј-TATCAAGCAGCAC CACATCG-3Ј) and then digested with Sau3AI. The iolRS transcriptional terminator (TiolRS) region (383 bp) was amplified by PCR with another pair of primers (5Ј-ACAACGTGGATATCCCTCAC-3Ј and 5Ј-AATAAAAGAAGCT GGGTCAGC-3Ј) and then digested with HpaII. These Sau3AI and HpaII digests were labeled with the Klenow fragment of DNA polymerase I, [␣-32 P]dCTP (ICN Biomedicals, Inc.), and the three other unlabeled deoxynucleoside triphosphates. The 303-and 335-bp fragments labeled at their coding strands were isolated and then used for mapping of the 3Ј ends of the iol and iolRS transcripts, respectively.
Each total-RNA sample (100 g) was hybridized with the respective labeled probe DNAs. The hybrids were treated with S1 nuclease (Takara Shuzo Co., Ltd.) in a buffer comprising 250 mM NaCl, 50 mM sodium acetate (pH 4.4), 4.5 mM ZnSO 4 , and 20 g of calf thymus DNA per ml. The S1 nuclease-resistant hybrids were subjected to urea-polyacrylamide gel electrophoresis as described previously (9) .
Northern blot analysis. Total RNAs as well as RNA size markers (GIBCO BRL Life Technologies, Inc.) were electrophoresed in formaldehyde gels and blotted (18) . The iolR region (789 bp) was amplified from the chromosome by PCR with a pair of primers (5Ј-ACGTTAGGCCAGATGAATGC-3Ј and 5Ј-T ACGTAAAGATTCAAGAAGGAG-3Ј). The 5Ј end of the iolS gene (497 bp) was also amplified with another pair of primers (5Ј-CATTTTATTCTAGGAG GCAG-3Ј and 5Ј-GAAGTTGGATACACCGATGG-3Ј). These two PCR products were labeled with [␣-32 P]dCTP and a BcaBEST labeling kit (Takara Shuzo Co., Ltd.) and used as probes. Hybridization was carried out under standard conditions, and the blots were washed three times for 15 min each at 42°C in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.1% sodium dodecyl sulfate (18) .
RESULTS
Organization of the B. subtilis iol operon. The B. subtilis idh gene is one of the iol genes involved in inositol catabolism (11) . Previous determination of the nucleotide sequence of the iol region of the Bacillus subtilis genome and a homology search of the Iol proteins (23-25) allowed us to predict the structure of the iol operon for inositol catabolism, which consists of 10 iol genes (iolA to iolJ; iolG corresponds to idh) and includes a A -dependent promoter-like sequence in the 5Ј region of iolA (Piol) and a -independent terminator-like sequence in the 3Ј region of iolJ (Tiol) ( Fig. 1 ). As described below, the iol genes are transcribed in the presence of inositol, most probably from Piol to Tiol, resulting in a 11.5-kb mRNA.
Upstream of the iol operon, two genes (iolR and iolS) oriented divergently to the iol operon were found (24, 25) . As described below, these two genes were most probably cotranscribed from another A -dependent and inositol-inducible promoter (PiolRS) to a -independent terminator (TiolRS), and the iolR gene was found to encode a negative regulator of the iol operon ( Fig. 1 ).
Identification of a promoter of the iol operon. To detect the iol transcript, we performed primer extension analysis with total RNAs prepared from strain 60015 cells grown with and without inositol ( Fig. 2 ). One major (approximately 130-base) and several minor reverse transcripts were detected when RNA prepared from cells grown with inositol was hybridized with a DNA primer complementary to a sequence in the 5Ј region of iolA ( Fig. 2A, lane 2) , whereas no reverse transcript was detectable when RNA from cells grown without inositol was primed in the same way (lane 1). The 5Ј end of this iol FIG. 1. Organization and transcription of the iol genes of B. subtilis. The iol operon consists of the iolABCDEFGHIJ genes and is most probably transcribed from the iol promoter (Piol) and ends at the iol terminator (Tiol). The iolRS genes are most probably cotranscribed from the iolRS promoter (PiolRS) to the iolRS terminator (TiolRS). The iolG and iolR genes (solid arrows) encode Idh (11) and a negative regulator of the iol operon (see the text), respectively. transcript was determined to be 191 bp upstream of iolA (Fig.  2B) . These results strongly suggested that Piol might be an inositol-inducible iol promoter because of its position at the expected interval upstream from the 5Ј end of the iol transcript ( Fig. 2) .
To determine whether Piol is only the promoter for transcription of the iolABCDEFGHIJ genes, we disrupted Piol by insertion of a cat cassette into its Ϫ10 region and designated the resultant strain YF248 (Piol::cat); this strain could not grow on inositol as the sole carbon source. We also examined the induction of Idh encoded by iolG in strain YF248 ( Table 2) . Idh production by strain YF248 was almost completely abolished even in the presence of inositol, while it was induced 46-fold in strain 60015 upon the addition of inositol ( Table 2 ). These data indicate that expression of iolG is under Piol control and suggest that the iolABCDEFG genes (possibly also iolHIJ) are probably transcribed only from Piol.
Identification of a negative regulator gene for the iol operon (iolR), and involvement of IolR in catabolite repression of Idh synthesis. The IolR protein belongs to the DeoR family of bacterial regulatory proteins (24) . To determine whether the IolR protein is involved in the regulation of the iol operon, the iolR gene was disrupted by insertion of a cat cassette to produce strain YF244 (iolR::cat). Strain 60015 induced Idh upon the addition of inositol (Table 2 ). However, strain YF244 produced the highest level of Idh in the absence of inositol (Table  2) , probably due to catabolite repression by inositol itself. Primer extension analysis with total RNAs prepared from cells of strain YF244 grown with or without inositol revealed that transcription from Piol had become constitutive in strain YF244 ( Fig. 2A, lanes 3 and 4) . Table 2 also shows that Idh synthesis was more severely repressed in strain 60015 (175fold) than in strain YF244 (3.6-fold) by the addition of glucose, suggesting that IolR might be partially involved in catabolite repression of the iol operon.
We could not determine from the results of iolR disruption whether the above phenotype of strain YF244 is due to loss of iolR or the downstream iolS, because the cat cassette we used has a transcriptional terminator. Therefore, we also disrupted iolS by insertion of the cat cassette to produce strain YF246 (iolR::cat). As shown in Table 2 , the phenotype of strain YF246 was indistinguishable from that of strain 60015 with regard to inositol inducibility and catabolite repression of Idh synthesis. These overall results clearly indicate that the iolR gene is a negative regulator gene for transcription from Piol and that the IolR protein is also involved in catabolite repression at Piol, probably via inducer exclusion or inducer expulsion. Identification of a transcriptional terminator of the iol operon. To localize the 3Ј end of the iol transcript supposedly in the region downstream of iolJ, we first performed S1 nuclease analysis with total RNA prepared from cells of strain 60015 grown with and without inositol (Fig. 3A, lanes 1 and 2) . When a probe DNA complementary to the Tiol region ( Fig. 3 ) was hybridized with RNA (with inositol), a large amount of a protected fragment (approximately 65 bases) was detected (Fig. 3A, lane 1) . However, when the DNA was hybridized with RNA from cells grown without inositol, only a faint band of this protected fragment was observed (lane 2). The end of the protected fragment protected by RNA from cells grown with inositol was finely mapped (Fig. 3B ), and this work showed that the 3Ј end of the inositol-induced transcript was at a T-rich region following a stem-loop structure downstream of iolJ (Tiol [ Fig. 1 and 3B]) (23) . This suggests that Tiol is most probably a transcription terminator of the iol operon. To confirm that this inositol-induced transcript is synthesized from Piol, we performed S1 nuclease analysis with total RNAs of cells of strain YF248 (Piol::cat) grown with and without inositol. As shown in Fig. 3A , we could not detect the above protected fragment on hybridization with YF248 RNA with inositol (lane 3) or without inositol (lane 4). The fact that Piol disruption resulted in the disappearance of the inositol-induced transcription terminating at Tiol implies that this transcription might start from Piol. Moreover, S1 nuclease analysis involving RNAs of cells of strain YF244 (iolR::cat) grown with and without inositol (lanes 5 and 6) indicated that the iol transcript terminating at Tiol was synthesized constitutively when the iolR gene was disrupted. Therefore, these results suggested that the 10 iol genes (iolA to iolJ) are most probably transcribed from Piol to Tiol as a single 11.5-kb mRNA (Fig. 1) .
Transcription of the iolR and iolS genes. The iolRS genes are divergently oriented with respect to the iol operon ( Fig. 1) . Transcription of iolR and iolS was analyzed by Northern blot analysis (Fig. 4) . A DNA probe containing the coding region of iolR hybridized to a 2.0-kb transcript, whose synthesis was induced by inositol ( Fig. 4, lanes 1 and 2) . The distance from PiolRS to TiolRS was estimated to be approximately 2.0 kb. We cannot adequately explain the appearance of a hybridizing band at approximately 1.4 kb. Another DNA probe containing the N-terminal part of the coding region of iolS also hybridized with a 2-kb transcript, whose synthesis was also induced by inositol (lanes 3 and 4) . These results suggest that the iolR and iolS genes might be transcribed as a single 2.0-kb mRNA, which is induced by inositol. Fine S1 nuclease mapping ( Fig.  5A and B) with DNA probes containing PiolRS or TiolRS and total RNAs of cells of strain 60015 grown with (lane 1) or without (lane 2) inositol enabled us to identify the 5Ј end ( Fig.   FIG. 3 . Mapping of the 3Ј end of the iol transcript by S1 nuclease analysis. The lower section of the figure shows our strategy for S1 nuclease mapping of the 3Ј end of the iol transcript. Solid and dotted lines indicate the regions of the probe (303 bp) protected and not protected against S1 nuclease, respectively. The position of the 32 P label is indicated by 3Ј. The details of the experimental procedures are given in the text. (A) S1 nuclease analysis of the iol transcript. Total RNAs prepared from cells of strains 60015 (lanes 1 and 2) , YF248 [Piol::cat] (lanes 3 and 4) , and YF244 [iolR::cat] (lanes 5 and 6) grown in the presence (lanes 1, 3, and 5) or absence (lanes 2, 4, and 6) of 10 mM inositol were hybridized with the probe and then treated with S1 nuclease. The positions of the protected DNA fragments and the probe are indicated by the large and small arrows to the right, respectively. The positions of the DNA size standards are indicated to the left. (B) Fine mapping of the 3Ј end of the iol transcript. S1 nuclease mapping was performed with total RNAs prepared from cells of strain 60015 grown in the presence (lane 1) or absence (lane 2) of 10 mM inositol. The chemical cleavage sequencing ladders specific to purine (GA) and pyrimidine (CT) nucleotides of the same probe are shown. The corresponding part of the nucleotide sequence of the noncoding strand is shown to the left of the panel, with a pair of convergent arrows representing the palindromic sequence. The ends of the fragment protected against S1 nuclease are also indicated by arrowheads. a Cells of B. subtilis strains were grown to an A 600 of 0.75 in S6 medium containing 0.5% Casamino Acids with or without 10 mM inositol (Iol) or with 10 mM each inositol and glucose (Glc). Chloramphenicol (5 g/ml) was also added to the cultures of strains YF244, YF246, and YF248. The cells (4.5 A 600 units) were harvested and then treated with lysozyme and sonicated briefly to prepare crude extracts (14) . The Idh activity in the crude extracts was measured as described previously (17) . Each value is the average of four determinations. 5A) and the 3Ј end (Fig. 5B ) of this 2.0-kb transcript. This work indicated that PiolRS and TiolRS ( Fig. 1 and 5 ) are most probably the transcription promoter and terminator of the iolRS operon, respectively. In addition, S1 mapping ( Fig. 5C ) and Northern blotting (data not shown) revealed that the inositol-induced transcription from PiolRS became almost constitutive when iolR was disrupted. As shown in Fig. 5C , the bands of the ϳ100-base fragment protected on hybridization with RNA of strain YF244 (iolR::cat) (with inositol [lane 3] or without inositol [lane 4]) were less dense than with that due to protection with RNA of strain 60015 (with inositol [lane 1]). This might be due to the instability of the mRNA encoding the disrupted iolR. From these results, we conclude that the iolRS genes are most probably cotranscribed from PiolRS, which is negatively autoregulated by IolR in the absence of inositol.
Confirmation of the iol and iolRS promoters by deletion analysis. To confirm that Piol and PiolRS function as promoters in vivo, we performed deletion analysis of these promoter sequences with iolAЈ-ЈlacZ or iolRЈ-ЈlacZ integrated into the chromosomal amyE locus as a reporter gene ( Fig. 6 ; Table 3 ). When the Piol(Ϫ107) insert, including nucleotides Ϫ107 to ϩ245, was fused to lacZ and then integrated into amyE (Fig.  6 ), efficient LacZ synthesis (12.2-fold) was induced upon the addition of inositol to the medium (Table 3 ). For the Piol(Ϫ45) insert with the deletion of a region upstream of the Ϫ35 region of Piol, LacZ synthesis was induced to a similar extent (12.3fold), but the activities with and without the addition of inositol were 3.8 times lower than those directed by Piol(Ϫ107). Further deletion including the Ϫ35 region of Piol [Piol(Ϫ23)] completely abolished the promoter activity of the iol operon. These results clearly indicated that Piol functions as a promoter in vivo, its activity being enhanced by the AT-rich region upstream of its Ϫ35 region (nucleotides Ϫ107 to Ϫ45), and that cis-acting sequences responsible for inositol induction (or some of them) are located between nucleotides Ϫ45 and ϩ245.
When the PiolRS(Ϫ94) insert including nucleotides Ϫ94 to ϩ62 was fused to lacZ and then integrated into amyE (Fig. 6) , LacZ synthesis was induced 16.3-fold upon the addition of inositol, but the activity was 68 times lower than that directed by Piol(Ϫ107) ( Table 3 ). This activity was decreased 2.5-fold on the deletion of nucleotides Ϫ94 to Ϫ70 and further decreased 6.4-fold by a deletion of nucleotides Ϫ94 to Ϫ43, when inositol was added to the medium. When nucleotides Ϫ94 to Ϫ19 including the Ϫ35 region of PiolRS were deleted, the The position of the 32 P label is indicated by 5Ј or 3Ј. The details of the experimental procedures are given in the text. (A) Fine S1 nuclease mapping of the 5Ј end of the transcript. The 354-bp probe was hybridized with total RNAs prepared from cells of strain 60015 grown in the presence (lane 1) or absence (lane 2) of 10 mM inositol. The chemical cleavage sequencing ladders specific to purine (GA) and pyrimidine (CT) nucleotides of the same probe are also presented. Part of the nucleotide sequence of the noncoding strand is shown to the left of the panel; the 3Ј end of the fragment protected against S1 nuclease is indicated by asterisks. The Ϫ35 and Ϫ10 regions of PiolRS are underlined, and the major putative transcription start site (ϩ1) is also indicated. (B) Fine S1 nuclease mapping of the 3Ј end of the transcript. The 335-bp probe was hybridized with total RNAs of strain 60015. The lane assignments are the same as in panel A. Part of the nucleotide sequence of the noncoding strand corresponding to the sequencing ladders is shown, with a pair of convergent arrows representing a palindromic sequence; the 5Ј ends of the fragment protected against S1 nuclease are indicated by arrowheads. (C) S1 nuclease analysis of transcription from PiolRS. The 354-bp probe was hybridized with total RNAs of strains 60015 (lanes 1 and 2) and strain YF244 (lanes 3 and 4) , grown in the presence (lanes 1 and 3) or absence (lanes 2 and 4) of inositol. The positions of DNA size markers are indicated to the left of the panel.
promoter activity was completely abolished. These results clearly indicated that PiolRS functions as a promoter in vivo, with its activity being enhanced by the AT-rich region upstream of its Ϫ35 region (nucleotides Ϫ94 to Ϫ43). Furthermore, deletion of nucleotides Ϫ94 to Ϫ70 decreased the inducibility of LacZ synthesis to 3.9-fold, and deletion of nucleotides Ϫ94 to Ϫ43 caused the constitutive synthesis of LacZ. The latter facts indicated that cis-acting sequences responsible for inositol induction (or part of them) are included in nucleotides Ϫ94 to Ϫ43.
DISCUSSION
The results in this communication imply that the transcription of the iol operon most probably starts from Piol and terminates at Tiol, resulting in an 11.5-kb mRNA encoding the 10 iolABCDEFGHIJ genes (Fig. 1) . All the iol genes are involved in inositol catabolism because point mutations or disruption of each of these genes affected inositol utilization (22) . We could eliminate the slight possibility that a gene transcribed from Piol was a positive regulator for one or more other promoters upstream of iolJ, because the iol operon was expressed constitutively in the iolR background even in the presence of any point mutation or disruption of each of the iol genes (22) .
The fact that the iol operon consists of 10 iol genes means that inositol catabolism requires many specific steps before common pathways are entered. In addition, two more genes (iolRS), which are cotranscribed ( Fig. 4 ), seem to be involved in inositol catabolism. Among the products of these 12 iol genes, only the protein encoded by iolG and iolR are known (Idh [11] and a negative regulator of the iol operon [see above], respectively). To further deduce the function of the iol gene products in inositol catabolism, we searched for homology to The Piol (Ϫ107) insert contains nucleotides Ϫ107 to ϩ245, including the 5Ј part of the iolA coding region (nucleotides ϩ192 to ϩ245). The Piol(Ϫ45) and Piol(Ϫ23) inserts contain nucleotides Ϫ45 to ϩ245 and nucleotides Ϫ23 to ϩ245, respectively. The PiolRS (Ϫ94) insert contains nucleotides Ϫ94 to ϩ62, including the 5Ј part of the iolR coding region (nucleotides ϩ29 to ϩ62). The PiolRS(Ϫ70), PiolRS(Ϫ43), and PiolRS(Ϫ19) inserts contain nucleotides Ϫ70 to ϩ62, Ϫ43 to ϩ62, and Ϫ19 to ϩ62, respectively. Nucleotides Ϫ107 to Ϫ103 of the Piol region overlap nucleotides Ϫ90 to Ϫ94 of the PiolRS region. In the lower part of the figure, the sequences of the Piol and PiolRS regions are presented together with the deletion endpoints. After cloning of each of the inserts into plasmid ptrpBGI (19) , iolAЈ-ЈlacZ under Piol control or iolRЈ-ЈlacZ under PiolRS control was integrated into amyE by means of double crossover by selecting chloramphenicol-resistant transformants, as described in the text. were grown to an A 600 of 0.6 in S6 medium containing 0.5% Casamino Acids and 5 g of chloramphenicol per ml, with or without 10 mM inositol (Iol). The cells (3.6 A 600 units) were harvested and then lysed by lysozyme treatment and brief sonication (14) . LacZ was assayed spectrophotometrically (3). known proteins in sequence libraries, using the FASTA program to obtain FASTA optimized scores (15) . The results of the latest homology search (November 1996) are shown in Table 4 . Of the 12 iol gene products, 9 exhibited significant homology (FASTA optimized scores, Ͼ200). However, three products (IolB, IolH, and IolI) seemed to be unique, exhibiting no significant homology to known proteins (FASTA optimized scores, Ͻ130).
Although the pathway of inositol catabolism in B. subtilis has not been well studied, outlines of this pathway in K. aerogenes have been presented (1, 2, 4, 5) . Assuming that the pathway in B. subtilis is similar to that in K. aerogenes, we can suggest the function of several iol gene products in this pathway (Fig. 7) based on the results of the homology search (Table 4 ). Inositol is transported into the B. subtilis cell, presumably by the IolF protein, because this protein showed significant homology to the proline/betaine transporter and dicarboxylic acid transport protein ( Table 4 ). The transported inositol is then dehydrogenated by Idh (encoded by iolG). The resulting 2-keto-myoinositol is dehydrated to D-2,3-diketo-4-deoxy-epi-inositol, which is then hydrated to 2-deoxy-5-keto-D-gluconic acid, the first open-chain intermediate, although the genes involved in these reactions cannot be suggested at present. This openchain intermediate is then phosphorylated, probably by the IolC protein, because this protein showed meaningful homology to fructokinase and 2-dehydro-3-deoxygluconokinase (Table 4 ). The resulting 2-deoxy-5-keto-D-gluconic acid 6-phosphate is probably cleaved by the IolJ protein, which exhibits high homology to fructose-bisphosphate aldolase and tagatosebisphosphate aldolase (Table 4) , to yield dihydroxyacetone phosphate and malonic semialdehyde. The latter is converted to acetyl coenzyme A and CO 2 , most probably by the iolA product, which exhibits very high homology to methylmalonate-semialdehyde dehydrogenases (Table 4 ). Thus, inositol could be degraded finally to dihydroxyacetone and acetyl coenzyme A.
In addition to three iol gene products (IolB, IolH, and IolI) which show no significant homology to known proteins, we were unable to suggest any function for the IolD, IolE, and IolS proteins in inositol catabolism, although they exhibited significant homology to known proteins ( Table 4 ).
The iolR gene was found to encode a negative regulator for the iol operon ( Fig. 2 and 3 ; Table 2 ) and to be cotranscribed with the iolS gene from PiolRS ( Fig. 4 and 5 ; Table 3 ). The IolR protein exhibited significant homology to DNA binding proteins of the DeoR family of bacterial regulatory proteins (Table 4 ) (24) . It was very recently found that the IolR protein actually binds to an operator in the iol promoter region (22) , indicating that this protein is a repressor for the iol operon. However, we do not think that the IolS protein is necessary for inositol catabolism because disruption of the iolS gene affected neither growth on inositol (22) nor the inducibility and catabolite repression of Idh synthesis (Table 2) .
Currently, catabolite repression of B. subtilis is thought to be due to negative regulation of gene expression involving the CcpA and HPr proteins (with the latter phosphorylated on a serine residue) and catabolite-responsive elements found in various catabolic operons (10) . It has been reported that CcpA and HPr are also involved in catabolite repression of Idh synthesis (6, 13) . Catabolite repression of the iol operon was also attributed to its induction system, probably via inducer exclusion or inducer expulsion, because disruption of the iolR gene partially affected catabolite repression of Idh synthesis ( Table  2) .
